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OBJECT 

To  determine  the  penetration  performance  of  a  series  of  single  and 
clustered  T320E10  Arrow  AP  projectiles  as  a  function  of  geometric  scal¬ 
ing  and  sabot  weight. 


SUMMARY 


Penetration  performance  has  been  determined  for  a  series  of  Arrow 
projectiles  geometrically  scaled  in  two  and  three  dimensions  and  having 
variable  sabot  weights. The  calculations  apply  to  ranges  of  3,000  feet 
and  6,000  feet  and  are  limited  to  clusters  containing  no  more  than  four 
subprojectiles.  A  curve  is  presented  extrapolating  the  Siacci  Space 
Function, 


S-  -/u‘ 

U 


well  beyond  the  range  of  tables  known  to  be  available  at  this  time. 

CONCLUSIONS 

On  the  basis  of  Equations  6  (page  6)  and  24  (page  9)  it  has  been 
possible  to  calculate,  for  the  conditions  stated  in  this  report,  the  thick¬ 
ness  of  armor  defeated  by  certain  geometrically  scaled  models  of  the 
T320E10  Arrow  projectile. 

The  calculations  indicate  that: 


a.  For  the  3-pound  sabot  now  in  use,  the  T320E10  Arrow  is  op¬ 
timally  designed  (Fig  18,  n  =  1),  but 

b.  For  lighter  sabots,  the  Arrow  could  be  scaled  down  diameter- 
wise  to  reach  levels  of  penetration  performance  well  beyond  the  present 
levels  (for  example,  Fig  2,  n  =  1);  and 

c.  The  performance  of  the  present  single  Arrow  projectile  could 
be  equaled  and  indeed,  surpassed,  by  clusters  of  suitably  scaled  pro¬ 
jectiles  using  lighter  sabots, 

A  broader  interpretation  of  the  results  and  conclusions  of  this  report 
may  be  made  by  consulting  the  Discussion  of  Curves  in  conjuction  with  Fig¬ 
ures  1  -  24. 
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SYMBOLS 

B  Brinell  Hardness  Number,  kg/mm* 

Ca,  Cp  Ballistic  coefficients  corresponding  to  T320E10  Arrow  and 
scaled  projectiles  respectively 

da  Diameter  of  T320E10,  single  Arrow  (sub-caliber),  in. 

dg  Diameter  of  gun  (full  caliber),  in. 

dp  Diameter  of  sub-projectile,  in. 

e  Thickness  of  armor  defeated,  in. 

V  1 

E  Muzzle  energy  =  Wr  Vm  ,  ft  -  lb 

m  1  2  g 

g  Gravitational  constant,  32.2ft/sec:i 

ia,  ip  Form  factor  of  T320E10  Arrow  and  scaled  projectiles,  respectively 

kn  ka  Constants 

L  Length  of  gun,  ft 

n  Number  of  sub-projectiles  in  a  cluster 

R  Range ,  ft 

S  ,  Siacci  number  corresponding  to  Vm  and  Vg,  respectively 
Vm  Muzzle  velocity,  ft/ sec 

VL  Ballistic  Limit  (  =  Vs),  ft/sec 

Vg  Striking  velocity,  ft/sec 
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Weight  of  sub-projectile,  lb 
Weight  of  T320E10  Arrow,  lb 

Weight  of  sabot,  lb 

Weight  of  sabot  plus  projectile,  lb 

Scale  factor  of  sub-projectiles  (0  <  x  <  1) 

Obliquity 

CONDITIONS 

260  kg/mmJ 

500  -  160  logl0  kg/ ram1 

40  mm  =  1.57  in. 

90  mm  =  3.54  in. 

3.61  x  10*  ft-lb 
210  in.  =  17.5  ft 
3000  ft  and  6000  ft 
4600  ft/sec 
8  lb 

3  lbs  •>. 

l  corresponding  to  T320E10  Arrow 

11  lbs  J 

45° 
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INTRODUCTION 

1.  In  a  previous  report  (Ref  A)  the  concept  of  an  armor-piercing  pro¬ 
jectile  cluster  was  studied  under  certain  restricting  assumptions.  Be¬ 
sides  questions  involving  the  theory  of  probability,  these  restrictions  in¬ 
cluded  the  use  of  a  simplified  formula  for  the  calculation  of  armor  penetra¬ 
tion,  and  the  assumption  that  velocity  loss  due  to  drag  is  negligible. 

2.  This  report  supplements  the  preliminary  results  of  Reference  A  by 
using  a  more  reliable  and  more  widely  applicable  penetration  formula,  and 
by  attempting  to  account  for  the  effect  of  drag.  The  geometric  scaling  of 
projectiles  has  been  extended  to  include  two  as  well  as  three  dimensions 
(See  Assumptions  and  Definitions). 

3.  Attention  is  here  focused  on  one  particular  armor-piercing  projectile, 
the  T320E10  Arrow.  $ince  this  type  of  projectile  is  used  in  combination 
with  a  standard  sabot,  the  effect  on  penetration  of  decreasing  the  sabot's 
weight  has  been  considered.  It  is  hoped  that  this  consideration  may  prove 
suggestive  in  connection  with  any  proposed  redesign  of  the  projectile. 

4.  The  present  investigation  differs  from  that  of  Reference  A  in  that 
no  attempt  has  been  made  to  assess  the  hit  probabilities  corresponding 
to  the  clusters  studied.  Such  considerations,  while  relevant  to  the  final 
determination  of  optimum  clusters,  would  form  a  separate  study  in  them¬ 
selves.  Therefore,  the  comparisons  of  cluster  performance  presented  in 
this  paper  are  not  intended  as  a  final  means  of  evaluating  clusters.  They 
show  that  one  cluster  is  preferable  to  another  (or  to  some  single  projectile) 
only  to  the  extent  that  it  is  capable  of  defeating  armor  of  greater  thick¬ 
ness. 


5.  Finally,  (Fig  18,  n  =  1)  this  report  verifies  the  fact  that  the  T320E10 
Arrow-sabot  system  (Wa  =  8  pounds,  Ws  =  3  pounds)  is  optimally  designed. 

It  is  believed  that  this  result  independently  corroborates  the  reliability  of 
the  method  used  in  this  paper  to  determine  armor  penetration.’ 

ASSUMPTIONS  AND  DEFINITIONS 

6.  This  report  makes  the  fundamental  assumption  that  muzzle  energy 
is  constant.  A  survey  of  relevant  data  suggests  that,  while  this  is  never 
strictly  true,  it  is  not  unreasonable  to  assume  that  the  assumption  holds 
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approximately.  Muzzle  energy  has  been  computed  from  the  mass  of  the 
T320E10  Arrow-sabot  system  and  the  muzzle  velocity  of  the  90  mm  gun 
used  to  fire  it  as  follows: 


WtVm*  11  lbs  x  (4600  ft/ sec)* 
2g  64.4  ft/ sec2 


=  3.61  x  10*  ft-lbs 


7.  A  secondary  assumption  is: 

For  the  case  of  constant  length  scaling  (that  is,  scaling  in  two 
dimensions)  the  choice  of  a  constant  ballistic  coefficient,  results  in  con¬ 
servative  penetration  estimates.  The  reliability  of  this  assumption  is  denr 
onstrated  in  paragraphs  15,  16,  and  17. 

8.  The  symbol  "e”,  measured  in  inches,  stands  for  that  thickness  of 
armor  plate  which  can  be  "defeated”  by  a  given  projectile  or  each  pro¬ 
jectile  in  a  cluster.  The  criterion  for  establishing  defeat  is  that  used  by 
the  United  States  Navy,  which  requires  "that  over  50%  by  weight  of  the 
impacting  projectile  pass  completely  through  the  armor.”  (Ref  B,  p.  3). 

9.  Geometric  scaling  of  the  T320E10  Arrow  is  used  in  the  following 
two  senses: 

a.  2- Dimensional  Scaling:  refers  to  scaled  reduction  of  the  diame¬ 
ter  of  the  Arrow  projectile,  the  length  remaining  constant. 

b.  3-Dimensional  Scaling:  refers  to  uniform  scaled  reduction  of 
both  the  diameter  and  the  length  of  the  projectile. 
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DERIVATION  OF  PENETRATION  FORMULAS  FOR 
3-DIMENSIONAL  AND  2-DIMENSIONAL  SCALING 


10.  'The  penetration  formula  developed  by  the  National  Physical  Lab¬ 
oratory  of  Great  Britain  gives  the  following  expression  for  the  ballistic 
limit  (the  minimum  striking  velocity  required  to  defeat  armor  of  *'e”  thick¬ 
ness): 


V  A* 
L 


43.4  VB  f- 

p 


sec-—-  +  929  - 


11800  54000 


65  -e  Bd-B 


(1) 


11.  The  following  equations  will  reformulate  Equation  (1)  for  3'dimen- 
sional  scaling: 


w; 


P 


so  that 


=  k,  d3 

p  1  p 


(2) 

(3) 


where 


k,  2.05 

dp*  daS 


In  connection  with  Equation  (1) 


^  "  Jr ' U} 


lA 


(4) 


and 

d  =  xd  ,  (5) 

P  a 

so  that  Equation  (1)  can  be  restated  for  3-dimensional  scaling  as  follows: 

(6) 


Before  Equation  6  can  be^sed,  an  expression  for  VL  is  needed.  Therefore, 
(from  Equations  3  and  5: 

Wp  =  kj  x3  da3  (7) 


.  0.0012'3Vl  -  0.292  +  240+1^0  log. 


0.£9"4 
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or 


Wp  =  x 5  Wa 

Now,  for  the  T320E10  Arrow: 

wt=  wa  +  ws 

or,  for  "n"  clustered  sub-projecdles 
Wt  =  n  Wp+  Ws 


or 


Wt=nx3  Wa+Ws, 


Now  since: 

E  - 

2g 

it  follows  from  Equation  9  chat: 
E  -  (nWP+  Ws)  Vn? 

m  2g  * 

and  from  Equations  7  and  8: 

n  x1  W  + 


Em  = 

m 


2g 


that  is, 


where 


=  !2k  Em~~~ 

V  nx3  %a+  Ws 


Em  -  3.61  x  10s  ft-lbs 


(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(15a) 


The  problem  now  is  to  account  for  drag;  that  is,  to  determine  the  striking 
velocity,  Vl>  for  a  given  Vj^.  From  page  5  of  Reference  C,  we  obtain  on 
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simplification: 

R 

Ss  =  +  (16) 

^  A  l 

where  S  is  the  tabulated  integral,  S  =  -  I  — said  integral  giving 

J  u  Gj 

drag  in  terms  of  horizontal  range  for  the  particular  function  Ga.  (Ref  C, 
p.  4  and  Ref  D,  pp.  3  -  4).  > 

12.  Now  for  every  Vm  computed  from  Equation  15,  the  integral  Sm  is 
determined  (Ref  F).  And  from  Equation  16,  Ss  is  determined.  Finally,  for 
every  Ss,  the  table  yields  the  corresponding  Vs  (or  VL);  and  Equation  6 
can  now  be  used  to  compute  "e”  as  a  function  of  VL. 

13.  The  expression  for  the  ballistic  coefficient,  Cp,  required  by  Equa¬ 
tion  16  will  now  be  derived.  This  derivation  makes  use  of  the  fact  that, 
for  the  single  T320E10  Arrow,  there  is  a  velocity  fall-off  of  about  250 
ft/secinlOOOyards.Taking  Vm  to  be  4600  ft/ sec,  it  follows  (Ref  C)  that: 

Sm  =  2230  for  Vm  =  4600 


and, 


Ss  =  3650  for  Vs  =  4350  (that  is:  4600-250) 
Consequently,  from  Equation  16 

Ca=  =  .300°-  =  2.11 
Ss-Sm  1420 

14.  Now  the  ballistic  coefficient  is  defined  by  the  relation 


(17) 


(18) 


and,  insofar  as  the  form  factor  "ip”  is  unchanged  in  3-dimensional  scaling, 
it  follows  that 


W  Vs  ® 

c  _  _ IP— =  X  .wft,  .  =  c 
'“P  ”  i  j  2  ix2d2  a 
p  P  a  a 


(19) 
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Finally,  from  Equation  (17): 


Cp  =  2.  llx 

In  the  case  of  2-dimensional  scaling, 


Wp  «  dpJ 
Wp  =  k2  d  1 

y  p 


where: 


kj  = 


W,  W 


_ a_ 

d J 


=  3.23 


(20) 


(21) 

(22) 


and 


k,*- 


%Vl 


=  1.80 


(23) 


Thus  Equation  (1)  is  transformed  for  2-dimensional  scaling  into: 

46. 5x 


1/  -ivy*  yA  . 

e  =  0.00123  V.  -0.292x+ - - - n  00 ,  v  (24) 

L  (240  +  160  logl0,-^) 


The  calculation  of  Vj^in  Equation  24  is  based  on  a  procedure  similar  to 
that  used  in  3-dimensional  scaling: 

From  Equations  22  and  5  it  follows  that: 

Wp=kjXJda  (25) 

or 

Wp  =  xJ  W  a  (26) 

and  from  Equation  10 

Wt  =  nxs  Wa  +  Ws,  (27) 


9 


CONFIDENTIAL 


CONFIDENTIAL 


so  that 


V 


m 


-2&_E^ 

I mx2  \  +  Ws 


(28) 


Finally,  Vl  determined,  as  it  was  in  the  case  of-  3-dimensional  scaling, 
from  Equation  16.  The  only  difference  is  that  **Cp”  is  assumed  constant, 
that  is,  Cp  =  Ca  =  2.11.  ' 


15.  It  will  now  be  shown  that  this  assumption  leads  to  conservative 
estimates  of  '*e” 


From  Equations  18,'  5,  and  26  it  follows  that 


W 

CP  =rfr  =ca  = 

p  p 


1  w 


=  2.11, 


(29) 


that  is,  the  assumption  Cp  =  Ca  entails  ip  =  ifl  (because 


%  -  =  k  ) 

V  d7~  2  h 

16.  But  the  form  factor  "i”  is  (among  other  things)  a  measure  of  pro¬ 
jectile  slenderness;  that  is,  for  a  fixed  length,  as  in  2-dimensional  scaling 
of  the  Arrow,  low  Mi”  corresponds  to  a  relatively  slender  projectile  and 
high  “i”  to  a  relatively  thick  projectile. 

Actually,  then  in  Equation  (29)  ip  4  i  a. 

Rather 


l-  < 


(30) 


This  would  mean  that  Cp  4  Ca,  that  is  Cp  >  Ca 


(31) 


17.  In  connection  with  Equation  31,  increasing  "CM,  by  definition, 
corresponds  to  a  reduction  in  drag.  The  inequality  expressed  by  Equation 
31,  therefore,  indicates  that  Assumption  29  exaggerates  the  effect  of 
drag  on  2-dimensionally  scaled  models  of  the  T320E10  Arrow,  so  that 
the  corresponding  "eM  estimates  made  on  that  assumption  are  conserva¬ 
tive. 
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DISCUSSION  OF  CURVES 

18.  'Figures  1-24  give  thickness  of  armor  defeated  “e”  as  a  function 
of  scale  factor  <cx”  and  projectile  weight  "Wp”.  Each  figure  corresponds 
to  a  different  sabot  weight  *'WS”  and  includes,  in  addition  to  the  case  of 
the  single  projectile  (n  =  1),  clusters  with  up  to  four  sub-projectiles 

(n  =  2,  3,  4).  1 

Figures  1-24  are  divided  into  four  groups  as  follows: 

a.  Figures  1-6  apply  to  a  2-dimensional  scaling  for  a  range  "R"  of 
3,000  feet 

b.  Figures  7-12  apply  to  2-dimensional  scaling,  R  =  6000  feet 

c.  Figures  13  -  18  apply  to  3-dimensional  scaling,  R  =  3000  feet 

d.  Figures  19-  24  apply  to  3-dimensional  scaling,  R  =  6000  feet 

19.  For  comparative  purposes  Figures  1-6  should  be  studied  against 
Figures  13  -  18,  and  Figures  7-12  against  Figures  19  -  24.  'This  amounts 
to  comparing  the  relative  merits  of  two  types  of  scaling  for  the  two  ranges 
considered.  These  comparisons  show  that,  although  both  types  of  scaling 
result  in  improved  penetration  performance  of  the  T320E10  Arrow,  2-dimen- 
sional  scaling  is  preferable  to  3-dimensional  scaling. 

20.  As  a  precaution,  "e”  has  been  plotted  against  "Wp”  as  well  as 

against  "x”  since  the  assumption  of  constant  muzzle  energy  becomes  les$ 
reliable  as  gets  very  small.  (This  does  not  mean  that  the  assumption 

breaks  down  altogether,  or  that  the  precise  value  of  "Wp”  at  which  this 
happens  is  known).  Therefore,  portions  of  the  penetration  curves  corre¬ 
sponding  to  very  low  MWp”  must  be  interpreted  with  care. 

21.  To  illustrate  the  use  of  these  curves,  consider  Figures  2  and  18. 
Observe  that  for  the  (unsealed)  Arrow  used  in  combination  with  a  sabot 
weighing  3  pounds  (Fig  18),  "e"  is  about  5.2  inches.  Now,  consider  the 
possibility  of  lowering  the  weight  of  MWS”  from  3  pounds  to  one  pound,  and 
scaling  down  the  diameter  of  the  Arrow  to,  for  example,  0,6  of  its  present 
size.  For  these  conditions,  Figure  2  shows  an  "e”  equal  to  about  7.1  inches, 
which  would  amount  to  improving  penetration  performance  of  the  T320E10 

by  about  36%.  (This  is  a  conservative  estimate  since  the  "e”  figures  for 
2  dimensional  scaling  have  been  understated  (par  7). 
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22.  Also,  Figure  2  suggests  (n  =  3,  x  =  0.3)  that  it  is  possible  to  at 
least  equal  the  penetration  performance  of  the  single  T320E10  Arrow  (Fig 
18,  n  =  1,  x  =  1)  with  a  cluster  containing  three  sub-projectiles,  in  the 
sense  that  each  sub-projectile  would  have  an  "e"  of  about  5-5  inches. 
Further  comparisons  of  Figures  1-24  lead  to  similar  conclusions  for  other 
values  of  "x”,  "W5”  and  "R”. 

23.  Finally,  Figure  25  gives  the  Siacci  Space  Integral,  "SM,  (for  the 
drag  function  "Gj”)  as  a  function  of  projectile  velocity,  MV”.  The  use  of 

numbersis briefly  illustrated  in  paragraphs  11  and  12  but,  in  practice 
(if  graphical  methods  are  used),  a  much  finer  plot  than  Figure  25  is  re¬ 
quired. 
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lBBBBIIBBBBBBflBBBkllBaBai.^lBklflBBBBBBBflBBBBBBflBBBaBBaBBBB 
BBBi.BIIBBBBBBBBBBJIIBBBBa  J:IBi.BBBBBBBBBBBBBBBBBBBBBBBBBBr  V| 
■■■miBBBBBBBBBB^lIBBBBBBlIBCJBBBBBBBBBBBBBBBBBBBBBflBBBBE 
BBBBBIBBBBBBBBBBBIIBBBBBBIIBBBRBBBBBBBBBBBBBBBBBBBBBBBBBB 
■HBflElBBBBBBBBBBfllBBflBBBIIflBBiIBBBBBBBBBBBBBBBflBBBBBBBBBB 
BBB  BBBBBBBBBBBBB  BBBaBBIiaBBiIBBBBBBBBBBBBBBBBBBBBBaBBBa 
BBBBBaBBBBBBBBBBBBBBBBlIBBBlIBBaBaBBBBBBBBBBBBaBBBBBBBB 

■bbb  ibbbbbbbbbbbbibbbbbiibbbiibbbbbbbbbbbbbbbbbbbbbbbbbb 
BBBBB IBBBBBBBBBBflBIBBBBBIBBBlIBBBBBBBBBBBBBBBBBBBBBBBBBB 

■■■■■■■■■■■■■■■■IBB  bbbiibbbbbbbbbbbbbbbbbbbbbbbbbb 


BBBBB  IBBBBBBBflaflBBiIBBBB MB 

BBBflflilBBBBflBflBflflBBlIBBflBfllBMM 

■BBBBIIBbEbBBBBBBBBIIBBBBBI  BBBlIBBBBBiBnHMHMMHHHMI 

[BBBBBIIBBBBBBBBBBBBIIBBBBBBBBBIIBBBBBBBBBBBi«iiBigBliaBiE3L 


SEEilSEEEESSSESSSSEEflSEEflflEESSEf 

IBBIIBBBBBBBBBBBBBBBBBBBBBBBBKMP 


I; 


5.8 


20  22  24 


V  (x  10“  5  )  ft./sec. 
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Commanding  General 

Picacinny  Arsenal 

Dov  er,  New  Jersey 

ATTN:  Technical  Information  Section 

Chief  of  Ordnance 
Department  of  the  Army 
Washington  25,  D.  C. 

ATTN:  ORDTA 

ORDFM-Publications 

ORDTX-AR 

Chief,  Continental  Army  Command 
Ft.  Monroe,  Virginia 

ATTN:  Research  &  Development  Division 

Headquarters 
U.  S.  Marine  Corps 
Washington  25,  D.  C. 

ATTN:  Division  of  Plans  &  Policies 

Department  of  Ordnance  &  Gunnery 
U.  S.  Military  Academy 
West  Point,  New  York 

Commanding  General 
Ordnance  Ammunition  Command 
Joliet,  Illinois 
ATTN:  ORDLY-R-T 

Commanding  Officer 
Watertown  Arsenal 
Watertown,  Massachusetts 

Commanding  General 
Frankford  Arsenal 
Philadelphia  37,  Pennsylvania 
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Commanding  General 
Redstone  Arsenal 

Huntsville,  Alabama  23 

Commanding  General 
Aberdeen  Proving  Ground 
Maryland 

ATTN:  Development  &  Proof  Services  24  -  25 

President,  The  Ordnance  Board  26 

Commandant,  The  Ordnance  School  27  -  28 

The  Ordnance  Training  Comm  and  29 

Ballistics  Research  Laboratory  30-  31 

Commanding  Officer 
Jefferson  Proving  Ground 

Madison,  Indiana  32 

Commandant 
The  Artillery  School 

Ft.  Sill,  Oklahoma  33 

Board  No.  2 

Continental  Army  Comm  and 

Ft.  Knox,  Kentucky  34 

Director 

Weapons  System  Evaluations  Group 
Office,  Secretary  of  Defense 

Washington  25,  D.  C.  35 

Canadian  Army  Staff 
2001  Connecticut  Avenue 

Washington,  D.  C.  36  -  37 

Armed  Services  Technical  Information  Agency 
Document  Service  Center 
Knott  Building 

Dayton  2,  Ohio  38  -  47 
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Armed  Services  Technical  Information  Agency 

Reference  Center 

Technical  Information  Division 

Library  of  Congress 

Washington  25,  D.  C.  48  -  50 

British  Joint  Services  Mission 
1800  K  St.,  N.  W. 

Washington,  6,  D.  C.  51  -  52 
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